Temporal dynamics of edaphic communities affect numerous processes in forests and also strongly influence the soil's organic matter status. We have linked long-term changes in the formation of organic matter (using humus micromorphological analyses) to changes in the soil's community structure during a spruce forest cycle on acid suggest that the long-term stability of deep organic layers provides a refuge for decomposers and detritivores that allows a rapid response to both adverse and favourable conditions, taking place in OL and OF layers.
Introduction

2
The long-term dynamics of managed forest have been rarely considered in soil ecology. This is a serious shortcoming, because the temporal dynamics of edaphic communities affect numerous processes in forests (e.g. decomposition, nutrient release and respiration) and also have a strong influence on the organic matter in the soil (Wolters, 2000; Johnston & Crossley, 2002) . Moreover, most studies have focused either on soil processes (Ponge, 1999; Okland et al., 2003) or on the assemblages of soil organisms (Butterfield, 1999; Chauvat et al., 2003; Eaton et al., 2004) , whereas few have considered both aspects simultaneously.
We have linked long-term changes in the formation of organic matter to changes in the soil's community structure during a cycle of a spruce forest on acid soil. We focused on the topsoil containing most of the organic matter. The simultaneous availability of four forest stands of different ages enabled us to apply the 'space for time' substitution approach as a surrogate for a long-term study on humus micromorphology and soil fauna (cf Pickett, 1989) . Despite some methodological shortcomings, 'space for time' substitution is generally considered to be the only way of determining long-term changes in forest ecosystems (Trofymow & Porter, 1998) . Several authors (Bernier & Ponge, 1994; Topoliantz et al., 2000; Davidson et al., 2004) have shown that by studying the morphological structure of the humus (e.g. description and classification of soil biogenic structures) they could get a direct insight into the status of the soil organic matter, performance of soil biota and growth conditions of plants. Availability of data on microarthropods and microflora recorded by Zaitsev et al. (2002) and Chauvat et al. (2003) parallel to the sampling of humus material will enable us to assess the relations between soil biota and humus dynamics by means of correlations. We have pursued this line of investigations by posing the following questions.
1 What are the humus components characterizing different successional stages in a spruce forest rotation?
2 Are changes in humus composition and structure systematically associated with changes in soil community structure and performance?
Materials and methods
Study sites
The study was carried out at four sites under secondary spruce forest (Picea abies [L.] Karst.) selected within the project FORCAST of the European Union. Each site covers approximately 4 ha. The sites are close to each other 3 in the Tharandter forest (50°58'00"N, 13°34'16"E), 20 km southwest of Dresden, at about 380 m above sea level. The climate there is humid oceanic with a mean annual precipitation of 820 mm and a mean annual temperature of + 7.5°C. The sites represent four ages, namely 5, 25, 45 and 95 years. All stands had been planted on land from which a previous spruce stand had been clear-cut. We denote the four stands as 5 S, 25 S, 45 S, and 95 S, respectively. The soil is a Dystric Cambisol in the FAO classification with a moder humus form. The mean pH (in water) of the organic layer varied between 3.6 at 25 S and 4.3 at 5 S (see Zaitsev et al., 2002 for a more detailed description of environmental features).
Sampling of humus blocks
Five (25 S, 45 S, 95 S) or four (5 S) subplots were identified at random at each site in October 2001. The soil was then sampled on them as described by Bernier & Ponge (1994) . Blocks of 25 cm 2 surface area and 9 cm depth that included the whole organic layer (cf Zaitsev et al., 2002) were prepared directly in the field with a sharp knife. Each block was then separated into its constituent horizons: OL, OF, OH and A. Thick horizons (more than 1.5 cm) were subdivided into several horizontal layers. The separated blocks were fixed in 95% ethanol in the field, and then transferred to the laboratory. We had a total of 111 humus samples.
Humus analysis
All humus samples were spread out in Petri dishes filled with 95% ethanol. The various solid organic components were identified under a dissecting microscope (x 40), and their relative area was quantified by the point-count method (Jongerius, 1963; Rozé , 1989) . To do so, a transparent film with a 300-point grid was placed above each of the samples and all components falling below grid nodes were identified. Results are expressed as percentages of the area of each solid element. In all 62 humus components were identified.
Data treatment and statistics
We transformed the humus data by principal components analysis (PCA) to obtain an ordination of them. A k-means clustering algorithm was then applied to correlation coefficients between the original variables and the new axes from the second PCA to group humus components of similar response patterns (cf Hartigan & Wong, 1979) . By doing this we aimed at reducing the numbers of variables by identifying consistent groups of humus components and so simplify further analyses. To determine the best value of k, i.e. the optimal number of clusters, the quality of the clustering (number and structure of the clusters) was assessed by the overall average silhouette coefficient, i.e. a measure of the strength of each object's membership to its cluster (Kaufman & Rousseeuw, 1990) . The silhouette coefficient Sc of a clustering is defined as the average silhouette of all objects as follows.
First define the silhouette of an individual object, i, as
where a i is the average distance in the vector space between object i and all other objects in its cluster, say cluster A, and b i is the average distance between that same object and all objects in the nearest other cluster, say cluster B. The silhouette coefficient of the clustering is then
Clearly, from Equation (1), the larger are the differences between a i and b i the larger is S c and the 'tighter' is the clustering, and the better is the classification in that sense.
Then, percentages of each humus component within an identified cluster or group were summed to obtain a single percentage value per group corresponding to its relative dominance in the OL + OF matrix. The effect of the factor stand age on the contribution of each group to the OL+OF matrix was analysed by a one-way analysis of variance (ANOVA). Percentages were Arcsin transformed prior to the ANOVA to achieve approximate normality and homoscedasticity. Moreover, we compared the proportion of the variance accounted for by the classification using the quantity denoted R 2 c at each stand age and equal to:
where s 2 W is the residual variance within groups and s 2 T is the total variance (Webster & Oliver, 1990 ).
The availability of data from complementary studies (Zaitsev et al., 2002; Chauvat et al., 2003) allowed us to analyse relations between soil biota and groups of humus components. Data on soil biota were recorded at the same sites and subplots as those from which we took the humus blocks on three occasions (see Zaitsev et al., 2002; Chauvat et al., 2003 for further details). Means of the data from the three sampling dates were compared with the results of micromorphological analysis in the humus. We did so using Spearman rank correlations between collembolan life forms (epedaphic, hemiedaphic and euedaphic), oribatid feeding groups (fungivorous, herbifungivorous and omnivorous), microbial variables (microbial biomass and fungal biomass) (original data are available at http://www.unigiessen.de/tieroekologie/soil_biota/) and groups of humus components.
Results
The first PCA (Table 1) on humus data from all four horizons (111 samples, 62 humus components) revealed that only OL and OF layers discriminated between sites, whereas coordinates of OH and A layers were very close to the origin. This suggests a stable composition of deeper humus layers during a forestry cycle. It also indicates, however, that OH and A layers are not suited for evaluating the contribution of the various humus components to different stages of the rotation. We therefore did a second PCA confined to the cumulative results for OL and OF layers (19 samples, 47 humus components; Figure 1 and Table 2 ). Grouping of the correlation coefficients of the first two axes of this analysis by k-means clustering and according to the best overall average silhouette coefficient (0.78) revealed five groups. The contributions of the different humus components to each of these five groups are summarized in Table 3 . We gave the groups associative names based on dominant humus components (excluding components with a contribution < 5%). Group 1 is dominated by debris of herbaceous plants (> 85%) and is thus referred to as 'herbaceous litter'. Most components of Group 2 relate to freshly fallen and slightly decomposed spruce litter (> 56%, group name 'recent spruce litter'). Fragmented components of spruce litter characterize Group 3 (> 78%, group name 'fragmented spruce litter') and strongly degraded litter components characterize Group 4 (> 95%, group name 'decomposed litter'). Finally, Group 5 mainly is a mix of faecal and fungal components (> 80%, group name 'faeces and fungi').
Each of the five groups was affected by the factor 'stand age' and the proportion of the variance explained by differences between stands exceeds 50% whatever the group considered (Table 4) Results of the correlations relating the five groups of humus components to functional groups of soil biota are summarized in Table 5 . Few, but interesting, significant results were found. 'Faeces and fungi' (Group 5) was positively correlated with fungivorous oribatids (both browsers and grazers). 'Herbaceous litter' (Group 1) was positively correlated with epedaphic Collembola, whereas 'decomposed spruce litter' (Group 4) was negatively correlated with ergosterol content (as a measure of fungal biomass).
Discussion and conclusions
We believe that we have for the first time found evidence for quantitative relations between major stages of the forest development, humus dynamics and composition of the soils biological community. We cannot exclude that our approach is partly biased by pseudoreplication and thus admit that the data must be interpreted with great care. However, we agree with Oksanen (2001) that concern about pseudoreplication in ecological studies (e.g. Hurlbert, 1984) has led to 'unwarranted stigmatisation of a reasonable way to test predictions referring to large-scale systems'. In view of the selection of study sites, we are confident that the data allowed us to ascribe differences between plots as differences between stand ages.
The combination of PCA techniques with k-means clustering allowed us to identify humus groups dominating the uppermost layers of the spruce forest sequence: herbaceous litter, recent spruce litter, fragmented spruce litter and decomposed litter, as well as faeces and fungi. The contribution of these groups to the organic 7 layer changed dramatically during a forest rotation. In particular, alterations associated with the shift from the early stage to intermediate stages of the forest confirm the humus layer to be a sensitive indicator of changes.
Canopy closure, typically observed at intermediate stages, leads to large modifications of humus composition.
Moreover, we have shown that dynamic changes of humus composition are significantly correlated with alterations in the structure of the soil community. The fact that these changes were confined to OL and OF layers suggests a long-lasting stability of the lower strata of the organic layer. It points to the role of deeper organic horizons as an important refuge for decomposers, allowing a delayed response of soil biota to vegetational changes or disturbance (e.g. Ruf, 2000) . This conclusion is supported by our finding mineral-dominant enchytraeid faeces in the uppermost horizons of the final stage of the sequence. It points to important vertical movements of materials, even in mature stands.
The beginning of the forestry cycle is characterized by the addition of large amounts of herbaceous components to the uppermost horizons of the organic layer. Ground vegetation flourishes after clear-cutting. It also flourishes in gaps in the canopy (Collins & Pickett, 1988) . Gartner & Cardon (2004) emphasize the important role of less-recalcitrant material in stimulating decomposers. Thus, the promotion of decomposition a few years after clear-cutting reported by various authors (Schulze et al., 2000; Law et al., 2001; Chauvat et al., 2003) could be explained partly by the priming effect of herbaceous litter. The increasing share of herbaceous components in the organic layer of the old stand (95 S) suggests that the rapid response of the decomposer community to the dramatic change induced by clear-cutting is facilitated by pre-adaptation long before the collapse of the forest ecosystem (Page, 1974; Bernier & Ponge, 1994; Fons & Klinka, 1998; Ruf, 2000) . The fact that the collembolan assemblage at 95 S was more like that of 5 S than at 25 S or 45 S supports this hypothesis (Chauvat et al., 2003) . It might also explain the similar findings of Loranger et al. (2001) for a mountainous spruce chronosequence.
A major shift in the state of the ecosystem occurs at intermediate stages of the forestry cycle, when canopy closure leads to increasing inputs of fresh spruce litter. Herbaceous litter declines, as the understory vegetation is suppressed by lack of light (Hunt et al., 2003) . Though the quality of fresh spruce litter is poor (Harrison, 1971) , the amount of invertebrate excrement considerably increases. The accumulation of faecal particles not only reflects the stimulation of consumers with forest growth, but also a delay in decomposition that is typical of moder soils (cf Ponge, 2003) . Increasing amounts of hyphae indicate the initiation of further steps of the decomposer cascade, as fungi are well adapted for degrading recalcitrant organic matter in acid environments. The joint increase of invertebrate faeces and fungal components at 25 S and 45 S thus points to an 8 important feedback among several groups of soil biota, with invertebrate consumers opening up new surfaces for microbial colonization and fungal pre-conditioning of litter, thereby increasing the accessibility of the organic matter to primary decomposers (Anderson & Ineson, 1983; Heal et al., 1997) . The accumulation of decomposed and fragmented spruce litter at 95 S shows a continuation of this process as the forest matures.
The correlative approach allowed us to relate humus composition dynamics to decomposer community structure. First, the positive correlation between 'herbaceous litter' and epedaphic Collembola points to the positive response of surface dwelling microarthropods to the rich source of food provided by the ground vegetation (Petersen, 2002) . Second, the close associations between fungal biomass, fungivorous oribatids and faeces and fungi support the contention of the decomposer feedback loop outlined above (i.e. between microflora and faunal activity). This accords with the argument that changes of the resource might stimulate fungivorous oribatids (Behan-Pelletier, 1999). The negative association between fungal biomass and decomposed litter is biologically more difficult to interpret, and we can only speculate that the fungi do not like such poor quality substrate. Finally, the absence of a significant correlation between euedaphic Collembola and any group of humus components suggests that deep dwelling taxa are insensitive to changes taking place in uppermost parts of the organic layer. Euedaphic species can efficiently use the buffering capacity of deep organic layers as a result of both nutritional plasticity and metabolic activity (Petersen, 2002) .
In conclusion, this study provides a concise framework for the factors characterizing the transformation of organic matter during a typical spruce forest rotation. Increased metabolic activity associated with the priming of decomposition processes by high quality litter leads to a rapid decline of strongly decomposed litter after clear-cutting. The long-term stability of deep organic layers seems to provide a refuge for decomposers that allows a rapid response to both adverse and favourable conditions in OL and OF layers, and the opening of the canopy of mature stands allows the decomposers to adapt to changes in resource input long before the forest collapses. This would also explain the surprisingly moderate response of the soil community to the dramatic changes taking place above ground (Zaitsev et al., 2002; Chauvat et al., 2003) . Within this framework, the autocatalytic process of primary consumers, stimulating fungal decomposition and vice versa leads to an accumulation of faecal pellets at intermediate stages of forest succession. Higher levels of the decomposer food web respond differentially, with some microarthropod groups (life-form or feeding groups) favoured by increased availability of food, while others may suffer from modification of the topsoil organic layer.
Fragmentation of litter, nevertheless, continues even after clearcutting, and the accumulation of litter debris 9 beneath the oldest and youngest stands initiates the downward transport of organic matter into deeper layers of the humus profile.
Legends of figures
Figure 1 PCA ordination of the 47 categories of humus components found in the OL and OF horizons in a chronosequence of four spruce stands showing the five groups identified by k-means clustering and the silhouette coefficient procedure. For explanations of codes see Table 3 .
Figure 2
Means and standard errors of the contribution of each identified structural group of humus components to the whole humus composition in the OL + OF layer at each site of our spruce chronosequence. 
